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In primary lymphocyte infection, cell proliferation is stimulated by a set of viral gene products termed the latency III program, which is also characteristic of EBV-transformed lymphoblastoid cell lines (LCLs) (31) . Among the latency III viral gene products, the latent membrane protein 1 (LMP1) is essential for the EBV-induced transformation of primary B lymphocytes (22) . The oncogenic properties of LMP1 are associated with stimulation of DNA synthesis (28) , stimulation of the transcription of antiapoptotic genes (9, 34) , and suppression of cellular senescence (37) . LMP1 is a transmembrane protein, analogous to a constitutively activated CD40 receptor, although structurally different (18) . Specialized regions (CTAR1 and CTAR2) of the cytoplasmic domain of LMP1 recruit components of the TNF-R signaling pathway and activate the transcriptional factor NF-B. The two regions are not equivalent: CTAR1 operates by recruiting TRAF1, -2, and -3, and CTAR2 operates by recruiting RIP and TRADD (4, 14, 21) .
Constitutive STAT1 activation has been observed in EBVassociated tumors, including nasopharyngeal carcinoma (9) , and in LCLs (10, 35) . The STATs are transcription factors that are activated after triggering of cells with cytokines. Although most STATs, including STAT3, STAT4, and STAT5, are involved in the proliferative response of cells to cytokines, STAT1 and STAT2 are associated with the cellular response to interferons (IFNs), which reduce cell proliferation and increase apoptosis. Thus, in the context of EBV-transformed LCLs, the activation of STAT1 raises the question of its function. We previously observed that inhibition of STAT1 in LCLs by overexpression of an inhibitory form of STAT1 (STAT1␤) reduces drug-induced apoptosis and increases the growth rate of cells (3) , demonstrating that even in the context of EBVtransformed cells, STAT1 remains an inhibitor of cell proliferation. Nevertheless, expression of LMP1 itself was shown to be sufficient to induce a higher level of STAT1 expression (29) , but the mechanism involved remains unclear. A direct activation of STATs was suggested, after interaction of JAK3 with a cytoplasmic region (amino acids 275 to 330) located between CTAR1 and CTAR2 (17) . However, neither the association of JAK3 to the putative JAK3-binding domain of LMP1 from positions 232 to 351 nor the activation of JAK3 by this domain could be confirmed in another study (20) . Finally, it was observed that the transfection of a mutated LMP1 (LMP1 AAAG ) containing three point mutations in the CTAR1 and one in the CTAR2 motif into a Burkitt lymphoma cell line abolished the increased expression and activity of STAT1 (4, 29) . This suggested a possible role for NF-B in the activation of STAT1 by LMP1.
EBV-immortalized B lymphocytes express alpha IFN (IFN-␣), IFN-␤, and IFN-␥, as well as IFN-␣/␤-and IFN-␥-inducible genes (2, 5, 7, 8, 28) , and NF-B is known to increase the transcription of several genes of cytokines and cytokine receptors (25, 27) , including IFN-␥ (32), IFN-␥R␣ (7), and IFN-␣/␤ receptor 2 (24) . To determine the possible involvement of indirect mechanisms bringing about the activation of STAT1 in cells expressing LMP1, we studied the ability of cell culture supernatants from LCL cells to stimulate STAT1 tyrosine phosphorylation. We found that the LMP1-induced stimulation of the tyrosine phosphorylation of STAT1 is almost exclusively due to an NF-B-dependent secretion of IFNs.
MATERIALS AND METHODS
Plasmid constructs. The V1NL IB␣dn vector was derived from the previously used CKR 516 vector (3, 13) . The EBNA1 gene was added to ensure episomal replication. The vector contains a bidirectional tetracycline-inducible promoter driving the expression of two independent cDNAs: IB␣dn and a truncated version of the nerve growth factor receptor (NGFR) lacking the cytoplasmic domain and used as a surrogate marker of IB␣dn induction. Induction of the expression of NGF-R is easily verified by flow cytometry and is used to sort cells by magnetic separation. The induction of the expression of IB␣dn was measured by Western blotting.
Cell culture, treatments, transfection, cell sorting, and flow cytometry. The lymphoblastoid cell lines Co (kindly provided by S. Dupuis and J.-L. Casanova, INSERM U550), PRI and 1602, and the Burkitt lymphoma cell line BL2 were cultured at 37°C in a humidified 5% CO 2 atmosphere in RPMI 1640 medium (Eurobio, Les Ulis, France) supplemented with 10% decomplemented fetal calf serum (Dutcher, Brumath, France), 100 U of penicillin/ml, 10 g of streptomycin (Gibco-BRL-Life Technologies, Cergy-Pontoise, France)/ml, and 2 mM L-glutamine (Eurobio). Where indicated, cells were treated with 25 ng of IFN-␥ (Roche Diagnostics, Meylan, France)/ml for 1 h, with brefeldin A (BFA; Sigma, Saint Quentin Fallavier, France), parthenolide (Sigma), MG132 (Sigma), and BAY11-7082 [E-3-(4-methylphenylsulfonyl)-2-propenenitrile; BAY11] (Calbiochem, VWR International SAS, Fontenay-Sous-Bois, France). Parthenolide and BAY11 were reconstituted in dimethyl sulfoxide (DMSO) (Calbiochem). Transfection, selection of hygromycin-resistant cells, and doxycycline treatment were performed as described previously (13) . Both NGFR and IB␣dn expression were assessed by flow cytometry and Western blotting, respectively, after 6 weeks of hygromycin selection.
Doxycycline-induced cells were magnetically labeled with anti-LNGFR coupled to microBeads after 24 h of induction and separated by using the MACSelect LNGFR System procedure (Miltenyi Biotech, Paris, France). The induction of the expression of LNGFR was assessed by flow cytometry. Cells were washed in phosphate-buffered saline (bioMérieux, Marcy l'Etoile, France) and incubated with phycoerythrin-labeled NGFR antibody (Becton Dickinson, Morangis, France). Phycoerythrin-positive cells were counted by using the FL2 photomultiplier of a XL Beckman-Coulter counter.
Western blotting. Viable cells were counted by using the trypan blue method. Total protein extracts were obtained as follows: 1 million cells were resuspended in lysis buffer containing: 0.01% bromophenol blue (Bio-Rad, Marnes la Coquette, France), 50 mM Tris-HCl (pH 6.8), 2% sodium dodecyl sulfate (BioRad), 20% glycerol (Sigma), and 5% 2-mercaptoethanol (Bio-Rad). The lysates were sonicated, boiled, and stored at Ϫ80°C. The extracts were separated on a 10% polyacrylamide denaturing gel at 30 mA/gel and transferred (Bio-Rad) to nitrocellulose (Schleicher & Schuell, Dassel, Germany) membranes. After transfer, the membranes were stained with Ponceau red in order to check that equal amounts of protein were present in each lane. After the membranes were blocked for 1 h with 5% dry skimmed milk (Régilait, Saint Martin Belle Roche, France) in Tris-buffered saline (TBS; 20 mM NaCl, 500 mM Tris-HCl [pH 8]; Bio-Rad), the incubation with the first antibody was performed overnight in TBS (Sigma) and 1% dry skimmed milk. The antibodies used were anti-STAT1 (rabbit polyclonal; Cell Signaling, Beverly, Mass.) at 1/1,000 and anti-phosphotyrosine 701 STAT1 (rabbit polyclonal; Cell Signaling) at 1/1,000. After 5 min of washing (three times) in TBS-0.1% Tween, the corresponding horseradish peroxidase-conjugated secondary antibody goat anti-rabbit (Bio-Rad) at 1/5,000 was added for 1 h. After three 5-min washes in TBS-0.1% Tween, visualization was achieved by chemiluminescence (Amersham, Orsay, France) and autoradiography (X-Omat R film; Kodak).
Electrophoretic mobility shift assay. Nuclear and cytosolic proteins were extracted as described previously (12) . A total of 20 g of nuclear protein extracts in 5 l of extraction buffer C (20 mM HEPES, 25% glycerol, 0.5 M NaCl, 1.5 mM MgCl 2 ) was mixed with 1 l of annealed 32 P-labeled oligonucleotide containing the B site (Proligo, Paris, France) (36) . Electromobility shift assay was performed as previously described (11) . The DNA-protein complexes were separated on a 6% nondenaturating polyacrylamide gel in 0.25ϫ Tris-borate-EDTA buffer (Bio-Rad) by a 4-h migration at 250 V. The gel was dried and exposed to a phosphor imaging screen (Packard Instruments, Meriden, Conn.). The radioactive signal was visualized by using a phosphor system analyzer (Cyclone; Packard Instruments).
Luciferase activity. To measure the transcriptional activity of STAT1, we cotransfected cells with a TAP1 promoter luciferase-reporter construct in which the B site had been inactivated (a generous gift of D. Johnson, National Institutes of Health, Bethesda, Md.), together with the bidirectional inducible V1NL IB␣dn plasmid encoding IkB␣dn and NGFR. Transfected cells were induced during 24 h with doxycycline, sorted with anti-LNGFR microbeads (Miltenyi Biotech), and lysed for 15 min with the lysis buffer provided in the kit (Tropix Kit) supplemented with 1 mM dithiothreitol. The lysates were clarified by centrifugation, and the luciferase assay was performed by using a luminometer (BCL Book Luminometer).
cDNA macroarrays. The expression of 112 cytokines was screened by using the cDNA GEArray (SuperArray; Tebu-bio, Le Perray en Yvelines, France). The RNA was prepared from 5 ϫ 10 6 cells that were treated or not with parthenolide (20 M) for 4 h. The cDNA was generated by using the Ampolabeling-LPR kit according to the manufacturer's protocol. The membranes were then hybridized as described in the GEArray user manual and, after the washes, incubated in enhanced chemiluminescence reagent and autoradiographed by using Kodak X-Omat AR films (Sigma).
Quantitative reverse transcription-PCR (RT-PCR).
Total RNA was extracted from sorted NGFR-positive and -negative cells by using the Qiagen kit according to the recommendations of the manufacturer. We defined as reference RNA a pool of RNAs extracted from different tonsils, lymph nodes, and spleen with benign reactive follicular hyperplasia.
RNA levels for the IFN-␥ and IFN-␣ gene were quantified in parallel in the different RNA extracts and in the RNA pool on an ABI Prism 7000 Automat by using the TaqMan Assay-on-Demand gene expression reference system (Applied Biosystems; (catalog nos. Hs00174143-m1 and Hs00265051-m1)). The Abl1 gene was used as a reference gene for the control of amplification (catalog no. Hs00245443-m1). RT was performed with 2 g of total RNA with the Archive Kit RT from Applied Biosystems in a final volume of 50 l. From this, 1.25 l of cDNA was used for gene amplification. All of these steps were performed according to the recommendations of the manufacturer.
The relative expression levels of the genes were calculated as previously reported (15), with Abl1 mRNA expression for normalization.
Quantification of cytokines in cell culture supernatants by using ELISA. Ten to twenty million (0.8 million/ml) cells were grown in culture medium without fetal calf serum for 15 h. Supernatants were concentrated from 5 to 20 ml to obtain 200 l by using centrifugal filter with a cutoff of 5,000 Da (Millipore, Molsheim, France). Secreted IFN-␥ and IFN-␣ were measured by enzyme-linked immunosorbent assay (ELISA) with a Quantikine ELISA kit (R&D Systems, Lille, France) and the Biotrak ELISA system (Amersham Biosciences, Orsay, France), respectively. The optical density (OD) was determined by using a spectrophotometer (Multiskan EX; Thermo, Cergy-Pontoise, France) set to 450 nm. The ODs were measured by using Ascent Software (Thermo). The average of the duplicate concentrations was calculated.
RESULTS
The cell culture supernatant of LCL induces STAT1 tyrosine phosphorylation. Constitutive phosphorylation of STAT1 on tyrosine has been observed in lymphoblastoid cell lines (LCLs) (10, 17, 35) . We hypothesized that cytokines released in the supernatant could be responsible for this phosphorylation. First, we observed that the tyrosine phosphorylation of STAT1 in LCLs was considerably reduced after the cells were washed (Fig. 1A) and that when the LCL cells were reincubated in new medium, a gradual recovery of this phosphorylation was noted after 30 min (Fig. 1B) . Second, we found that resuspension of the EBV-negative BL2 cell line, which lacks basal STAT1 activity, in the cell culture supernatant of LCL cells leads to the phosphorylation of STAT1 on tyrosine 701 (Fig. 1C) . This phosphorylation became detectable after 20 min of incubation (Fig. 1D) . A similar result was obtained by using the supernatant of two other LCL cell lines, 1602 and Co, or the supernatant of the EBV-converted BL2 cells (data not shown). Thus, STAT1-activating factor(s) are released by LCL cells. Inhibition of secretion prevents LCL cells supernatants from activating STAT1 tyrosine phosphorylation. The detection in cell culture supernatants from LCL cells of an activity able to stimulate the tyrosine phosphorylation of STAT1 was indicative of the presence of factor(s) secreted by these cells. We therefore incubated the cells in the presence of different concentrations of BFA, a well-characterized secretion inhibitor which operates by inhibiting protein transport from the endoplasmic reticulum to the Golgi apparatus (23) . After 5 h of incubation of the cells in medium containing 10 to 40 M BFA, a strong inhibition of the tyrosine phosphorylation of STAT1 was noted (Fig. 2A) . A nearly complete inhibition was observed after 24 h in 40 M BFA (Fig. 2B) . The cell culture supernatant obtained from BFA-treated LCL cells was used to analyze the stimulation of STAT1 tyrosine phosphorylation in BL2 cells: there was a strong inhibition of the ability of these supernatants to stimulate STAT1 tyrosine phosphorylation, and at 40 M the inhibition was complete (Fig. 2C, lane 5) . Interestingly, the BFA-treated LCL Pri cells were still able to respond to IFN-␥ stimulation (Fig. 2D) . Thus, treatment of the LCL Pri cells with BFA abolished the release of activator(s) of the tyrosine phosphorylation of STAT1.
Inhibition of the NF-B pathway prevents the phosphorylation of STAT1-induced by cell culture supernatant. We next addressed the question of the involvement of the NF-B pathway in the production of the factor(s) bringing about tyrosine phosphorylation of STAT1. To inhibit NF-B, we incubated the LCL cells with parthenolide, a compound that inhibits the IB kinase (IKK) (19) . The results show that after 4 h of incubation the inhibition of the phosphorylation of STAT1 was detectable with 5 M parthenolide (Fig. 3A, lane 2 (Fig. 3B) . We determined that the concentrations of parthenolide used did not interfere with the IFN-␥-induced STAT1 phosphorylation (not shown). MG132, another NF-B inhibitor, blocks the degradation of IB by the proteasome (1). We observed that 20 M MG132 applied for 5 h inhibited the phosphorylation of STAT1 in LCL cells (Fig.  3C, lane 3) and that maximal inhibition was observed with 80 M (lane 5). We verified by electrophoretic mobility shift assay that these pharmacological compounds were indeed inhibiting NF-B in our cell system (Fig. 3D ). BAY11, a specific NF-B inhibitor, was previously shown to inhibit rapidly and irreversibly the activity of NF-B in LCLs (7). In a kinetic study, we incubated the Pri LCL cells with BAY11 (25 M) and observed that the phosphorylation of STAT1 on tyrosine was inhibited after 2 h and abolished after 3 h (Fig. 4A) . In an independent experiment, the cells were incubated with BAY11 (40 M) for 1 h and then placed in fresh medium for different times: the phosphorylation of STAT1 on tyrosine was completely abolished after 2 h (Fig. 4B, lane 7) . To confirm the involvement of NF-B, we analyzed the phosphorylation of STAT1 on tyrosine in LCL cells transfected with a plasmid expressing dominant-active IB␣ (V1NL IB␣dn). After 24 h of induction of IB␣dn, the phosphorylation of STAT1 on tyrosine was inhibited; this inhibition was maximal after 48 h of induction (Fig. 5A) . The IB␣dn-transfected cells were also cotransfected with a luciferase reporter plasmid containing the promoter sequence of the STAT1-target gene TAP1 with an inactivated B site. This resulted in the inhibition of the transcriptional activity of STAT1 (Fig. 5B) . Thus, in LCLs, the phosphorylation and the transcriptional activity of STAT1 strongly depends on the constitutive NF-B activity. 4) . In lanes 2 and 6, cells were lysed immediately after resuspension in fresh medium to verify that the change of the medium in itself had no effect on the phosphorylation of STAT1. Similar results were obtained in three independent experiments. transcribed in LCL cells, we analyzed the RNAs from control or parthenolide-treated (20 M, 4 h) cells by using cDNA macroarray membranes spotted with 112 different cytokine probes. The expression of several cytokines was undetectable; other cytokines were detected, but their expression remained unchanged after treatment with parthenolide. The expression of several cytokines was reduced (see Table 1 ), including interleukin-6 (IL-6), IL-8, IL-12, IL-16, and IFN-␥. There was a slight inhibition of IFN-␣ isoforms. Among the cytokines the expression of which was reduced by parthenolide, IFN-␣ and IFN-␥ are the ones known to induce STAT1 phosphorylation.
Identification of NF-B-dependently expressed cytokines in
To confirm the dependence of IFN-␣ and IFN-␥ expression and secretion on NF-B activity, we measured their expression by quantitative RT-PCR in BAY11-treated and in sorted induced IB␣dn-transfected LCL cells: there was a significant and gradual reduction of IFN-␣ and IFN-␥ expression after inhibition of NF-B (Fig. 6 ). We next measured by ELISA the secretion of IFN-␣ and IFN-␥ in the cell culture supernatants of the sorted induced IB␣dn transfected LCLs. We found that IFN-␥ secretion was completely abolished and that IFN-␣ secretion was partially abolished (Fig. 7) . Thus, LCL cells express and secrete several cytokines, including IFN-␥ and IFN␣, both involved in STAT1 activation.
Neutralization of IFN-␥ in cell supernatants blocks STAT1 phosphorylation. To ascertain that IFN secretion, per se, was responsible for the stimulation of STAT1 phosphorylation, we treated the cell culture supernatants with different concentrations of neutralizing antibodies. The supernatant neutralized with anti-IFN-␥ was unable to induce the phosphorylation of STAT1 in BL2 cells (Fig. 8A) . Identical results were obtained with anti-IFN-␣ (not shown). As shown above, in LCLs treated with BFA there was a strong inhibition of the tyrosine phosphorylation of STAT1 (see Fig. 2B ). The resuspension of the BFA-treated LCLs with cell culture supernatant from untreated LCLs restored the phosphorylation of STAT1; however, an LCL supernatant neutralized with antibody to IFN-␥ was unable to restore this phosphorylation (Fig. 8B) . Thus, clearly, the neutralization of IFN-␥ in the cell culture super- a The Pri cells were either incubated or not with 20 M parthenolide for 4 h, the mRNA obtained was transcribed into cDNA in the presence of fluorescent ATP, and the cDNAs were hybridized on commercial prespotted membranes and exposed to radiographic films. The results are expressed as the percent inhibition of gene expression in parthenolide-treated cells relative to control cells.
natant results in the almost complete inhibition of the stimulation of the phosphorylation of STAT1.
DISCUSSION
In the present study, we demonstrate that the tyrosine phosphorylation of STAT1 in EBV-immortalized B cells expressing LMP1 is the result of the secretion of IFNs induced by the constitutive activation of NF-B. The involvement of NF-B is demonstrated by different pharmacological inhibitors and is confirmed by specific inhibition after the overexpression of a dominant-active form of IB␣. The direct involvement of IFNs is established by using neutralizing antibodies.
The phosphorylation, the activation and the overexpression of STATs have been demonstrated in several studies on EBVtransformed B cells and EBV-infected tissues (10, 16, 35) . The overexpression of STAT1 in the EBV context was shown to be strongly associated with the level of LMP1 in the cell and to be dependent on the NF-B activity (29, 38) . Therefore, although these studies clearly indicated that the increased expression of STAT1 in EBV-immortalized cells is dependent on LMP1 and NF-B, they have not pinpointed the precise mechanism involved and have not explored the mechanism of the activation of STAT1 phosphorylation in cells in which LMP1 is expressed. In the present study, we demonstrate in an unambiguous manner that the secretion of IFNs itself, resulting from the activation of NF-B by LMP1, is the mechanism that accounts for STAT1 phosphorylation on tyrosine. This mechanism involves the induction of the expression of IFN-␥ by NF-B, the latter being activated by LMP1. Induction of IFN-␥ is followed by its secretion, IFN-␥ then activates its receptor on the LCL cells, leading to STAT1 tyrosine phosphorylation (Fig. 9) . Interestingly, the induction of IRF1, a target of STAT1, is known to result in increased expression of IFN-␣ (26) the secretion of which stimulates the phosphorylation of STAT1. It is known that IFN-␣ activates both STAT1 and STAT2 (33) and indeed in our cell system we also find a constitutive activation of STAT2 (data not shown). Thus, the activation of NF-B by LMP1 stimulates not only IFN-␥ secretion but also IFN-␣ secretion (39) . However, although the mechanism described here accounts for the major part of the phosphorylation of STAT1 on tyrosine in the LCL cells, we noted in our experiments that a residual phosphorylation was constantly present. This residual phosphorylation may result from incomplete inhibition of either NF-B activity or IFN neutralization. Indeed, although the secretion of IFN-␥ is completely abolished after the induction of I〉␣dn, the secretion of IFN-␣ is not. We cannot exclude the possibility that the phosphorylation of STAT1 results in part from an intracellular mechanism involving LMP1, as previously suggested (17) . Such mechanism would involve the CTAR1 and CTAR2 motifs of LMP1 rather than the putative JAK3-binding motif from positions 232 to 351 (20) .
In a previous study we observed that the inhibition of STAT1 by overexpression of the inhibitory isoform STAT1␤ resulted in an increased growth rate and reduced drug-induced apoptosis of the LCL cells (3), thereby demonstrating that the function of STAT1 in the EBV context was similar to that observed generally in other cell systems. The findings reported in the present study indicate that in LCL cells the constitutive phosphorylation of STAT1 is the result of the pleiotropic action of NF-B. This transcription factor is known to be involved in cell growth, to reduce apoptosis, and to promote inflammation, and the induction of IFN-␥ is in fact a side effect of this proinflammatory action. Although it has been clearly shown that LCL cells require NF-B for their survival (6, 13), it is not clear whether the STAT1 pathway is required for the EBV to persist in cells. In favor of a requirement is the observations that the promoter region of LMP1 contains a functional STAT-binding site to which STAT1 binds strongly (9) . Therefore, the EBV may ultimately require and usurp some of the defenses that were raised by cells against it.
